A ccording to the usual quantum description, the time evolution of the quantum state is continuous and deterministic except when a discontinuous and indeterministic collapse of state vector occurs. The collapse has been a central topic since the origin of the theory, although there are remarkable theoretical proposals to understand its nature, such as the Ghirardi-Rimini-Weber. Another possibility could be the assimilation of collapse with the now experimentally well established phenomenon of quantum jump, postulated by Bohr already in 1913. The challenge of nonlocality offers an opportunity to reconsider the quantum jump as a fundamental element of the logic of the physical world, rather than a subsidiary accident. We propose here a simple preliminary model that considers quantum jumps as processes of entry to and exit from the usual temporal domain to a timeless vacuum, without contradicting the quantum relativistic formalism, and we present some potential connections with particle physics. Quanta 2015; 4: 10-26.
Introduction
During the first phase of the development of quantum theory (1913) (1914) (1915) (1916) (1917) (1918) (1919) (1920) (1921) (1922) (1923) (1924) (1925) (1926) (1927) three fundamental questions were posed: 1) the quantization of material motion, represented by discrete electron orbits; 2) the quantization of the field, in terms of the hypothesis of the emission and absorption of photons; and 3) the discontinuity of motion, represented by quantum jumps between stationary orbits. With regard to points 1) and 2), the subsequent definition of quantum formalism led to quantum mechanics and quantum field theory, or, in other words, respectively to first and second quantization. It has been noted that quantum mechanics and quantum field theory still do not constitute an organic structure; wave-particle duality in particular, which proved so useful for the description of Einstein-Podolsky-Rosen-Bell phenomena, has no place in descriptions based strictly on quantum field theory [1] .
The point 3) did not bring any particular development; it is still the source of a periodically renewing debate, in particular about the questions related to the wavefunction collapse -the anomalous postulate of quantum mechanics -and its incompatibility with special relativity [1] . The concept of quantum jump is closely connected to the wavefunction collapse: the decay of an atom which transits to its ground state is both a quantum jump and the event of the collapse of the wavefunction associated to the state of that atom. The actual manifestation of this kind of events can be easily showed, for example through the detection of the photon emitted (if the transition is radia-tive). Various theoretical proposals contributed to get the collapse irreducibility into perspective, bringing it back, at least partially, to the dynamics of the system; let us remember here the results of the Milan-Pavia School, the Bohm-Bub theory, the Ghirardi-Rimini-Weber dynamical reduction program and decoherent histories [2] [3] [4] [5] [6] . On the experimental side, since the end of the 1980s, new technologies have allowed extraordinary realizations in revealing single quantum jumps in any kind of quantum system, so confirming and extending the original 1913 Bohr intuition. Nowadays, the direct observation of quantum jumps has been widely confirmed for trapped atoms and ions [7] [8] [9] , single molecules [10] , photons [11] , single electrons in cyclotron [12] , Josephson junctions [13] , nuclear [14] and electronic [15] spin, superconducting cavities [16] thus providing an impressive demonstration of the helpful Bohr's intuition. The initial hesitancy about the real existence of quantum jumps, in particular by the community of quantum optics, is now only a distant memory of long time ago [17] . In conclusion, in the quantum jump the undulatory ubiquity of a quantum object (or state) and its particle-like localized aspect meet in a collapse event. So, we expect that a new theory about quantum jumps can tell us something on the nature of a quantum entity [18] [19] [20] .
In his classical book on quantum mechanical principles [21] , Heisenberg delineates with his usual clarity two possible ways to build quantum mechanics, both of which were coherent with the uncertainty principle: the first, a space-time description tending to save the classical concepts by means of a statistical connection; the second, adopting a pre-spatial mathematical scheme and a different concept of causality. In the 1930s there was no cogent reason to choose the second way. Nowadays, quantum nonlocality offers a valid reason to explore a different approach where the nonlocal features of quantum mechanics are not necessarily restricted to the entangled amplitudes, but are instead connected to a time-reversal approach [22] , or some timeless background.
In this paper we propose a model for the discontinuous evolution of the quantum amplitude associated to a system: the so-called quantum jump. We assume here the objective nature of the wavefunction collapse that is actually identified with a quantum jump associated to a real micro-interaction. We define an explanatory model, by broadening and redefining the quantum field theory vacuum with the introduction of a complex time that regulates the structure of interaction vertices in real time as measured by an observer. We discuss a thermalized vacuum in terms of the relationship between imaginary time and temperature. The strategy of introducing imaginary time is well-known in cosmology and field theory, and has been proven effective in the removal of singularities and the treatment of deterministic fields perturbed by an appropriate stochastic noise [23] [24] [25] [26] . In this context, it is equivalent to a description of the vacuum as a structure of relationships between complex events characterized by a fundamental time scale, which replaces the standard quantum mechanical concept of a particle. The particle concept appears as still less credible after recent experiments where packets of physical quantities related to the same particle are manifested along different paths within an interferometer [27] .
The theoretical choice adopted in this paper aims to avoid the ambiguities about the concept of quantum jump connected to the semi-classical nature of the waveparticle dualism. Our line of reasoning follows the transactional interpretation of quantum mechanics which sees the generic quantum system as a network of micro-events [28] and is thus closer to the spirit of quantum field theory. In this sense, we can agree with D. Zeh ("nor are there particles!") [29] yet not dismissing the idea of quantum jump, which is here reformulated within a new theoretical frame. Some potential applications to particle physics are even shortly outlined.
Clicks and interaction vertices
Let us consider a prepared system, at time 0, in a physical state associated with |A 0 . We assume that in the interval [0, t] the ket associated with the state of the system evolves under the effect of a unitary time evolution operator S , and that |A t = S (t, 0)|A 0 . At instant t, in response to an interaction, the system abruptly transits to the state represented by |B . We could say that the system prepared in the initial state A 0 is detected in the final state B. This is also the initial state, associated with ket |B , of a new preparation-detection pair. The full model can be understood by reading the following line from right to left: |B B|S (t, 0)|A 0 , in which a unitary evolution represented by the amplitude B|S (t, 0)|A 0 = B|A t is concatenated with a quantum jump |B B| . By way of example, let A 0 be the state of a particle beam emitted by a source, A t the state of the same beam incident on a screen with a single slit, B the state of the beam selected by the slit and diffracted beyond the screen. The bra portion B| of the quantum jump is turned toward the past light cone and closes the previous unitary propagation; the ket portion |B is directed toward the future light cone and opens a new segment of unitary evolution.
Naturally, the entire process is symmetrical in time and can be read in reverse; thus bra B| becomes the initial condition of the time evolution described by the evolution operator S −1 = S + , which ends with the final condition represented by ket |A 0 .
There is no substantial difference in the application of this model in quantum mechanics and in quantum field theory, except that in quantum field theory it is applied to elementary particles and combinations of their creation and annihilation operators. For example, |B B| could represent an interaction vertex between particles and |B the creation of a set of particles exiting from it (we suppose that |B B| acts on its right). It should be understood, however, that this is a real interaction vertex with real particles. Virtual interactions and virtual particles are aspects of the expansion of the operator S into partial amplitudes and have no physical reality in this context. From this perspective, therefore, a quantum jump is synonymous with a micro-event or click. In this paper we aim to present a simple basic physical model for jumps, represented by the projector |B B|. A click is considered to consist of two simultaneous (semi-) events: the destruction of the ingoing state B and the creation of the outgoing state B. We assume a jump is an interaction vertex between elementary particles and B is the state of the particles leaving the vertex.
The emphasis is therefore placed on interaction vertices and particles are considered as links between these vertices. Vertices and links form a network of relationships. This position is consistent with other theoretical proposals; for example, with the transactional interpretation, which is an interesting attempt to create a unified language to describe quantum phenomena [30] [31] [32] [33] .
In quantum formalism, the state of a many particle system is represented by a mixture of several states which are themselves entanglements of single particle states. The actualization of one of these single particle states corresponds to the selection, in the superposition that represents the entanglement, of the term wherein it appears and the consequent readjustment of the coefficients of the density matrix associated with the mixture. In an attempt to develop a model of the actualization process it is therefore necessary to focus on the single particle states, because the actualization at a higher level is a consequence of the actualization of the single particle states. On the other hand, the actualization of single particle state ensues from the interaction of the particle with material elements (measurement devices, etc.) which in turn consist of particles. We must therefore consider the single particle states entering a real interaction vertex, and those exiting from it. Both the former and the latter may be entangled.
We consider the action of the operators |A A|, |B B| on the single particle state |Ψ = c A |A + c B |B , with c A c * A + c B c * B = 1, |A = |A 1 + |A 2 + . . . + |A n . The action of |B B| will, by assumption, correspond to the localization of the particle in time (i.e. the event of its emission or absorption). Following this action, the particle will remain delocalized in accordance with the wavefunction x|B , which will not necessarily be a Dirac δ in the x position coordinates. In other words, the event |B B| does not necessarily imply a maximally precise spatial localization of the particle and is therefore aspatial.
The action of |A A| shall not correspond to any particle localization, i.e. it will not be associated with any emission or absorption of the same. It will preserve the phase relation between the states |A i (i = 1, 2, ...). The event |A A| leaves the particle delocalized according to the wavefunction x|A , and will therefore be aspatial. That said, we will call quantum jump the event |B B| that begins or ends a segment of unitary time evolution of the particle state. The event |A A| on the other hand preserves the unitary nature of the evolution. To better understand the relationship between quantum jump and unitary evolution, we consider three distinct examples. a) Reflection from a specular surface. A particle incident on a perfectly reflecting surface devoid of absorption is subject to the action of the sole operator |A A|, where |A is the reflected state. If |Ψ is the incident state, A|Ψ is the amplitude of the reflected state. The reflection will occur over the entire surface of the mirror, thus the states |A i may be the states reflected by various points of the mirror, labelled by the (continuous) index i. Because there is no localized reflection |A i A i |, the phase relation between the several states |A i is preserved. No quantum jump occurs and the particle state evolution remains unitary.
b) Impact on an opaque screen with double slit. A particle incident on the screen has two possibilities: either it is absorbed by the screen (event |B B|) or it goes through the double slit (event |A A|). In the first case, the absorption occurs at a precise moment in time and has the effect of destroying the particle (for example, a photon) or of localizing it in the spatial volume corresponding to its new state (for example, atomic capture of an electron). |B is in the first case the electromagnetic vacuum state of quantum electrodynamics, in the second case it is the atomic orbital of the captured electron. If the incident particle is transmuted into other particles, |B will be the initial state of these particles. In the case where the event |A A| occurs, the states |A i (i = 1, 2) are those relative to crossing slit 1 or slit 2 respectively. These two states are in phase relation, because no process of localized crossing |A i A i | occurs and the evolution of the state |A formed by their superposition remains unitary. In this case as well, the particle is delocalized according to the new wavefunction x|A (Fig. 1). c) Atomic decay. Let us consider a two-level atom: the ground level |B and the excited level |A . The atom is prepared in |A at time 0 and the subsequent unitary evolution of its state produces the superposition |Ψ(t) = α|A +β|B . If we verify the state of the atom at a certain time t 0 we have two possibilities: either the atom has decayed (i.e., |B B| has acted at a given time t with 0 < t < t 0 ), or it has not decayed (i.e. |B B| has not acted at any given time t with 0 < t < t 0 ). In the first case, the verification action is equivalent to destroying the previous state |B and recreating it, and it is therefore expressed as the projector |B B|; in the second case, it is equivalent to acting with |A A| on the superposition |Ψ(t 0 ) , reinitializing its unitary evolution. In both cases, the verification action corresponds to a physical process represented by a quantum jump. It is important not to confuse this jump with that possibly occurring in the interval 0 < t < t 0 and completed autonomously by the atom coupled with the electromagnetic field (Fig. 2) .
These examples clarify the boundary between the unitary evolution of the quantum state and the quantum jump phenomenon. The latter is always associated with the precise localization of the particle over time (although not necessarily in space) and therefore its emission or absorption, or with the restart of its state. We have indeed seen cases of absorption on a screen, of emission by an atom which decays or of restart of a superposition of atomic states. The quantum jump may correspond to an observation-measurement process (as in the verification of example c), or not (as in the case of absorption on the screen in example b or of the spontaneous decay of the atom in example c). Thus, the state reduction ensuing from a projective measurement process should be considered as a particular example of the more general concept of quantum jump. We propose to stop thinking in terms of persistent particles and their states, even though so far we conformed to this language by convention, but rather in terms of clicks bi-oriented in time, with reference to the projectors |B B| associated with the quantum jumps.
The time symmetry of a click, which appears as a kind of two-faced Janus along the time line, has several equivalents in quantum physics. For example, we can split the x(t) coordinate of a quantum object into two coordinates, x + (t) (forward) and x − (t) (backward) using the Wigner-Feynman distribution, which incorporates nonlocal aspects of quantum mechanics [34, 35] . The evolution of the density matrix associated with this distribution leads to two copies of the Schrödinger equation, backward and forward, controlled by two Hamiltonian operators, yielding the Bohr frequency transitions. This doubling of the degrees of freedom (x ± , p ± ) also occurs in dissipative quantum field theory and is therefore a fundamental structural aspect of both quantum mechanics and quantum field theory [36] [37] [38] [39] [40] .
In the next sections we provide an in-depth description of what happens in a single quantum jump |B B|. We will try to clarify the non-unitary aspects of the real interaction between elementary particles, not described by the unitary evolution of the state vector. For this purpose, we have to add new concepts to current quantum formalism, in order to specify the collapse postulate. 
Complex time
We initially assume that B is a single-particle state, postponing the discussion of the general case to a later stage. The basic idea is that the destruction of B represents the stop of the time evolution of the wavefunction associated with the state B, and the creation of B represents the start of the time evolution of the wavefunction associated with the state B. Time here refers to laboratory time, i.e. normal external time measured by an experimenter. If the particles created/destroyed are provided with a rest reference frame, this time corresponds (except for a Lorentz transformation) to each particle's proper time. In this case, it would be more appropriate to speak of stopping and starting in motion in their respective proper times.
The energy required to set in motion a body at rest, or to restore a body in motion to rest, is by definition kinetic energy. The kinetic energy of a particle in its rest reference is reduced to its rest energy, which is thus the energy required to set the particle in motion in its proper time (creation) or the energy released by the stop of such motion (annihilation); the involved process must therefore also define the mass of the particles created/destroyed. Therefore, proper time and mass both appear as emerging parameters in the description we are proposing.
The second feature of the model must be a proper characterization of the intermediate condition of timelessness, so to speak, between the destruction of B and its successive re-creation. We follow the idea that the forerunner of time (its precursor) is a complex time τ = τ + ıτ , in
The parameter θ 0 , which has the dimensions of a time interval, is assumed to be a new fundamental constant of Nature connected to the size of elementary particles, as detailed in a subsequent section.
We now focus on the creation of B. We assume the precursor of the outgoing wavefunction associated with state B is as follows
The factor Y is only present if the particle created in state B actually has spatial extension in the internal space-time coordinates y. This is the case of hadrons, although this factor is absent in the case of particles with no spatial extension, such as leptons. The other two factors are assumed to satisfy the following equations
with the condition Φ = 0 for τ ≤ −θ 0 /2, τ ≥ +θ 0 /2 (the meaning of M sk is discussed below);
From Eq. 3, which is basically a Schrödinger equation in the imaginary component of complex time, it immediately follows that
From Eq. 2, which is the square of a Schrödinger equation in the real component of complex time, we get the even solutions
and the odd solutions
with integer n ≥ 0. Given, in both cases, that
we have
We note that Eq. 4 can be rewritten in thermal form
where E 0 = /θ 0 and the formal temperature
has been introduced, which is infinite for τ = 0, but assumes the minimum value for τ = θ 0 . Finally, with regard to Y(y), we note that when it exists, i.e. in the hadronic case, each single coordinate y represents a distance in the internal space-time. If τ is interpreted as a kind of internal time of the particle, the chronological distance at which an internal observer places an internal event should be limited to the interval [−θ 0 /2, +θ 0 /2], whichever observer is chosen. Therefore, the coordinate transformations that lead from one internal observer to another should retain the condition
which is precisely what defines a de Sitter space-time related to that single quantum jump. The space-time coordinates y are, of course, internal coordinates that distinguish internal events not accessed by an outside observer.
Hence there is an external Minkowskian relativity and an internal de Sitter relativity. Y(y) presumably satisfies a wave equation which also includes terms related to the interaction between the subcomponents of the hadron. Leptons have no spatial extension and only the fluctuations in internal time τ described by Eqs. 5-8 exist for them.
Physical meaning of complex time
Before going further, it is worth pausing to consider the physical meaning of the real and imaginary parts of complex time τ. Note that we are considering the timeless vacuum state following the destruction of B and prior to its new creation: the system has stopped its course in external time and has not yet resumed it. Therefore, complex time τ is necessarily an internal time of this vacuum state, inaccessible to the external observer. From the perspective of external time, the timeless vacuum is an instant without duration; indeed, quantum jumps have no external duration. It may be reasonably assumed that all particle states exist in potentia in this vacuum state as virtual fluctuations. However, the adjective virtual has to be intended in a radically different sense respect to the entirely fictitious virtual particles derived from the expansion of the S operator; vacuum fluctuations are instead physically real and virtual is here used as a mere synonimous of unobservable. If a particle is at a chronological distance τ from the singularity τ = 0 (i.e. on the τ ordinate axis in the complex time plane), this means that it is associated with an energy fluctuation with amplitude /τ = kT . Eq. 9 therefore provides the relative probability of such a fluctuation. The imaginary part τ of complex time is therefore a measure of the energy amplitude of the fluctuation associated with that particle.
As seen previously, the real part τ is a kind of internal time of the vacuum, in which the wavefunctions of elementary particles live when they are dormant relative to external time (i.e. after their annihilation or before their creation). In this internal time, these functions are oscillatory, i.e. the vacuum is characterised by internal periodic phenomena; these are the different types of elementary particles that can be created or destroyed.
Creation and annihilation of particles in a thermalized vacuum
We now return to the discussion of the creation of state B. This is defined as a particular mapping of Eq. 1. This mapping firstly redefines the domain of the factors Φ and Λ, which now becomes the circumference, with centre 0 + ı0 and radius θ 0
The factor Φ becomes constant over the entire circumference in Eq. 12. The factor Λ becomes
ω is the arc described on the circumference in Eq. 12, counted inτ as positive if it is described in an anticlockwise direction and as negative if it is described in a clockwise direction. Eq. 13 can be written as
which represents the phase factor in the particle's proper external time, if we identify this time with ω. The appearance of the factor in Eq. 15 implies that Ψ has resumed its course in laboratory time. If the + sign applies, we are looking at the creation of a particle (positive mass); if the -sign applies, this indicates the creation of an anti-particle (negative mass). Eq. 15 is just the complex factor that expresses the rotation of an arc ω on the circumference in Eq. 12, travelled with the frequency n . Laboratory time is co-emergent with the de Broglie oscillation in Eq. 15 and with the particle's rest frame of reference. The magic of this triple emergence is not in the Wick rotation in Eq. 14 but in the transition from the complex plane to Eq. 12. Once the domain of the factors Φ and Λ, initially two-dimensional, is reduced to a closed line, time is reduced to an onedimensional variable, whose domain can be traveled an infinite number of times. The infinite recurrences of a given domain point constitute the external time line.
Ultimately, the mapping converts a rectangular domain of complex time τ + ıτ into a circular domain ω (Fig. 3) . The fluctuations of amplitude τ become an oscillation ΦΛ of fixed amplitude, represented by a vector with a free end on the circumference in Eq. 12 and the point of application in 0 + ı0. The frequency of the previous oscillation Φ in τ becomes the frequency of ΦΛ in ω. Thus, there is a recoding of the relevant information and the transition from a fluctuation to a state vector of constant norm persistent in ω.
We now come to the mapping action on the coordinates y and on the factor Y(y). Firstly, the new quantum of the particle's internal time is /M sk c 2 = θ 0 /n since, based on the reasoning presented above, the internal chronotope (if any) should change into a de Sitter chronotope with radius cθ 0 /n . We refrain from further discussion of the implications for the structure of hadrons, leaving this for future research. We limit ourselves to observing that the coordinates y and the factor Y(y) have to undergo consequent scale transformations.
However, the appearance of proper time leads to the appearance of external spatial coordinates. Indeed, a generic observer in motion respect to the particle sees the particle's proper time line as its trajectory in space.
Relativistic covariance therefore requires the appearance of a complete system of external space-time coordinates x and the simultaneous appearance of a factor X(x) in the wavefunction of the particle emerging from the vertex. The outgoing wavefunction is therefore, in conclusion (and omitting internal dynamics in the case of hadrons), Ψ = XΛ. We have X(x) = x|B = B|x * , i.e., the outgoing wavefunction is the complex conjugate of the incoming one. In general, X will be a spinor, thus the conjugation includes a transposition. This spinor represents the new initial condition for the unitary evolution described by the appropriate wave equation (Dirac, Proca, etc.) possibly with external fields. Each component of X satisfies the Klein-Gordon equation, which can be written in the usual form
where D 2 is the usual D'Alembert operator in Minkowski coordinates x. Note that the outgoing X(x) is generally not an eigenstate of the position, and so the outgoing particle is normally delocalized. The destruction of the state B entering the vertex is described by the exact opposite mapping. The constraint by Eq. 12 is removed and we return to the complex time plane. The factors Φ and Λ resume their original shape. External time disappears, and with it the external spatial coordinates, too. There is no longer a rest frame of reference for the particle, or a de Broglie oscillation. The archaic vacuum state prior to any physical manifestation is restored.
We are now able to address the general case involving a plurality of particles entering and leaving the vertex. The crucial observation is that the timeless vacuum state is described by two temporal parameters but no spatial parameter. In other words, dormant state precursor of B (after B annihilation and before its re-creation) does not contain external space-time coordinates x; these are created or destroyed on the occasion. The quantum jump is therefore an aspatial event, and this allows us to define B as an appropriate entanglement of the amplitudes of the individual particles, respectively entering or exiting, i.e. linear combinations of products of these amplitudes. The amplitude of each individual particle is defined on the specific configuration space of that particle, thus B will live in the total configuration space of all the particles involved. It is also possible to represent B through second quantization creation/annihilation operators defined on a suitable Fock space, and this leads to the quantum field theory description.
The following is an indicative example. Let A be the product of the two (non entangled) spatial wavefunctions of two identical particles of spin product of the spatial wavefunctions of the same two particles (the one peaked around the position x 0 at time t 0 , the other identical to that in A) and their spin wavefunction equivalent to one of the two components of singlet A, considered along the z axis. Let us consider the preparation |A A| followed by detection |B B|. This second event refers to the interaction, at time t 0 , between one of the two particles and a measurement device placed in x 0 , with simultaneous measurement of its spin along the z axis. In the language of present model the aspatial (and therefore in a way ubiquitous) background has accepted B in input and returned it as a new initial state, thus inducing the spatial localization of one of the particles and a sharper definition of spin of both particles. We consider here that the projectors |A A|,|B B| . . . are acting on their right. If we consider them acting on the left we have the description of the same phenomenon but reversed in time. This example illustrates the connection between background aspatiality and non-separability of an entangled state. This second form of nonlocality follows from the first, which is in this sense more radical.
Digression on skeleton mass and self-interaction
The interpretation of the mass M sk is important. The creation (annihilation) of particles always occurs in a vertex of interaction with other particles and has a finite duration, so the mass of each particle becomes indeterminate by virtue of Heisenberg relationships. Only the free particle, i.e. the asymptotic particle state exiting from the vertex or entering it, has a definite mass. In terms of normal quantum field theory language, the particle is born bare and is then dressed by its own self-interaction processes, so that the nascent (bare) particle is not the particle physically observed away from the vertex (dressed particle). We can assume the physical mass m of the particle to be the sum of the nascent mass M sk and a term ε/c 2 associated with the self-interaction. If energy mc 2 is applied to the vacuum, the creation of that particle in it becomes possible, i.e. its actual emergence from the vertex. From this perspective, the time interval θ 0 /n represents a sort of minimum chronological distance between two virtual self-interactions belonging to the same interaction vertex. The creation sequence of the mass is therefore as follows:
(1) The particle is initially massless (vacuum state); (2) Its localization in an interaction event, for a duration of θ 0 /n , requires an amount of energy equal to the ratio of and this duration; this ratio is the rest energy in Eq. 8. Thus the particle skeleton mass M sk appears. (3) The particle self-interacts for a duration of /M sk c 2 , and therefore on a scale of lengths equal to /M sk c. The total mass m is therefore the sum of the skeleton mass and the ε/c 2 mass derived from this self-interaction.
(4) There is no self-interaction for chronological distances from the vertex greater than /mc 2 ; the particle's rest energy is the minimum energy required to extract the particle from the vertex.
(5) The actual Klein-Gordon equation does not contain the skeleton mass M sk , but the actual mass m. In other words, a term ε/c 2 must be added to the right-hand side of Eq. 16.
(6) If we interpret the skeleton mass M sk as bare mass, we obtain the interesting result that it is finite.
If n = 0, only the term of self-interaction survives in m. Only a fraction of the energy /θ 0 needed to locate the particle in a temporal extension θ 0 is used, expressed by the dimensionless self-coupling constant (g 2 / c). This energy is therefore g 2 /(cθ 0 ), and the particle is delocalized to a dressing region ( c/g 2 ) times larger than cθ 0 . It is possible that this is the situation of lighter particles, i.e. electrons and neutrino mass eigenstates. With electrons, the self-interaction will be essentially electrostatic and therefore the self-interaction energy will be e 2 /(cθ 0 ), where e is the elementary electric charge. Equating this expression to the rest energy of the electron, we obtain cθ 0 is the classical radius of the electron. As a result, the fundamental skeleton mass interval /θ 0 seen in Eq. 8 is approximatively 70 MeV.
Although a serious formulation of the entire conjecture would require further explanation of the relationship between n and the internal quantum numbers (and a precise calculation method for the self-interaction term), it should nevertheless be noted that the bare mass in this context is finite and that there are no divergences.
In our model, θ 0 coincides, at least by a factor of 2 3 , with the chronon introduced by Caldirola in his classical model of the electron [39, 40] . Note, however, that the fundamental interval θ 0 is a property of the vacuum or background that manifests itself in external time only as a minimum duration θ 0 /n associated with the localization of the particle in a quantum jump. This interval does not play any role in the next (or previous) unitary evolution of the particle state vector, which is described by current quantum formalism. However, it could be relevant in selecting base states (elementary particles) and defining their properties, such as a finite mass spectrum. A more formal illustration of the scheme can be the following. Let us consider a massive particle endowed with a proper rest frame of reference. Let t be the particle proper time and σ a scalar quantity (respect to the Poincaré group of coordinate transformations) such that t = t(σ) and
The integrals of dσ and dt along a given segment of a four-dimensional line respectively measure its length and the extension in the particle proper time t. They coincide if the time orientation of the line is the same in each point of the segment. From this definition, the following relations can be immediately derived
These two relations can be summarized in a single equation
The left hand derivative is, in this case, an operator with
having +1 and −1 as respective eigenvalues. By setting x 0 = ct we therefore have
In a frame of reference in uniform rectilinear motion with respect to the particle rest frame, this relationship takes the following form
All the spacetime coordinates in this relationship have an implicit dependency on σ. If the particle wavefunction ψ does not explicitly depend on σ, but only through the coordinates, we have
In general, the gamma operators will be the Dirac matrices and the wavefunction will therefore be a spinor. Given the assumptions made in this section, the outgoing wavefunction from the interaction vertex is
This is the result of mapping, with the addition of a corrective term to the exponent containing the perturbative correction δM = ε/c 2 to the skeleton mass due to the particle self-interaction (limited to the vertex where it is created). To free the particle and remove it from the vertex it is necessary to administer a Mc 2 energy, with M = M sk + δM. The ordinary Dirac equation for a free particle of mass M thus follows
It is possible to treat the particle subjected to gauge fields through the typical replacement of four-momentum with the canonical four-momentum. If this procedure is applied at the interaction vertex where the particle is created, taking into account only the particle self-field, it produces expressions such as the following (where we consider only the electromagnetic self-interaction of a particle with charge e and self-field A µ )
The integral is extended to a volume of diameter /M sk c around the vertex (we assume that M sk 0) and the minimum interaction distance is cθ 0 /n , which is equal to this diameter. In the particle rest frame of reference this is a Coulomb integral whose order of magnitude is (27) where α is the fine structure constant. A separate case, discussed above, is the electron for which M sk = 0, M = δM and the integral in Eq. 26 does not exist. In the external time of the observer the electron is localized in the interval /Mc 2 , while in the internal time τ it is a virtual oscillation with zero frequency and duration θ 0 . The ratio between the external and internal temporal extension represents the number of times in which the interval /Mc 2 , containing a single real electron, contains the electron as virtual oscillation. The inverse of this number is the electron adimensional constant of interaction, that is, the probability to actualize a virtual electron in response to an interaction. It is essentially the electromagnetic fine structure constant (the electron interacts substantially through the electromagnetic field). We therefore have /Mc 2 θ 0 = c/e 2 , from which we obtain θ 0 = e 2 /Mc 3 namely /θ 0 = 70 MeV. We could describe the situation by saying that the coupling with a real photon consists of the actualization of one (on average) of c/e 2 virtual electrons. In the external time period T e = h/Mc 2 the phase of the electron in Eq. 24 varies by 2π. Since the electron spin is 1 2 , we would obtain the same phase variation by rotating the electron around any spatial axis of a 4π angle. In this sense the phase pulsation 2π/T e is equivalent to a spatial rotation pulsation 4π/T e = 2Mc 2 / [41] [42] [43] . It is possible to define the electric current I = e(2Mc 2 / ) associated with this rotation and the rotation radius L = c( /2Mc 2 ). Therefore, the magnetic moment is defined
which is the Dirac magnetic moment of the electron. On the other hand, in an interaction vertex the not yet actualized electron appears as a virtual fluctuation of minimum temporal extension θ 0 , therefore associated with a transitory phase pulsation 2π/θ 0 corresponding, for the same principle, to an angular pulsation 4π/θ 0 . By setting I = e(4π/θ 0 ), L = c(θ 0 /4π), and taking into account that cθ 0 = α /Mc, we achieve an additional magnetic moment from this high frequency oscillation equal to
which is the anomalous magnetic moment at the first order. The magnetic moment is naturally a latent property which becomes effective only in presence of an external magnetic field that, with its direction, selects a spatial rotation axis. However, a transitory state as that of a virtual electron in an interacion vertex cannot be described only by the monochromatic pulsation 2π/θ 0 and a wave packet with pulsations ranging from 2π/T e to 2π/θ 0 will be actually involved. The Fourier components will exchange virtual photons so generating radiative corrections of higher order to the magnetic moment. Under this perspective α represents the probability of actualization of a virtual selfinteracting electron, what justifies the perturbative origin of M.
In summary, the introduction of the chronon as a vacuum constant seems to enable, at least in principle, the derivation of a finite mass spectrum for elementary particles. The finite value of the chronon implies a finite value of the skeleton mass, which appears in the phase factor in Eq. 24 in a completely adynamic manner, together with the particle (external) proper time. The interval of proper time given by the inverse (in natural units) of the mass skeleton represents the duration of the particle self-interaction and also the minimum interval between two virtual self-interactions. The contribution of self-interaction to the effective mass of the particle is therefore finite. The finite value of the effective mass in turn justifies the finite value of the magnetic moment.
The conjugation of the adynamic mechanism for generation of the masses (such as mapping) with quantum field theory requires further elaboration and here we only highlight the effects that the chronon has on the choice of the cut-off. For example, consider the following relationship for the mass M of a fermionic 1 2 spin field coupled with a gauge field of spin 1 and (non null) mass µ, with an adimensional coupling constant g [44]
where M 0 is the fermion bare mass and Λ is the cutoff. Setting M 0 = M sk and Λ = M sk we achieve a transcendental equation in M which can be solved iteratively. For example for 2(g/πµ) 2 = 0.1, M sk = 1 we get M = 1.16459 . . . a clearly finite result. The skeleton mass is defined by the minimum time extension of the particle and, therefore, constitutes a cut-off for virtual coupling; this fact leads to a finite mass. A more consistent treatment, however, should lead to a unification of the ideas expressed in this paper with the quantum field theory formalism, a task which we must leave for a future work.
Suggestions for hadronic physics
The equation
represents the background as a set of thermostats with different absolute temperatures, which are included in the range between T = /kθ 0 (for τ = θ 0 ) and T = ∞ (for τ = 0). The thermostat corresponding to the temperature T shall contribute to the creation/annihilation of a particle with rest energy Mc 2 at that temperature (at τ = /kT ) through the heat exchange
equal to the product of the rest energy by the probability of its release. Now imagine an equivalent thermostat such that: 1) the entropy variation of the whole set of thermostats is equal in value to the entropy variation of the equivalent thermostat; 2) the sum of the thermal contributions of the different thermostats is equal to the total thermal contribution of the equivalent thermostat.
Having to do with reversible processes only, these two conditions are reflected in the relation
where dQ is the heat exchanged by the thermostat at temperature T and T H is the temperature of the equivalent thermostat. Now add the additional condition that the thermal exchanges dQ occur in the form of rest energy of massive particles exchanged within the same interaction vertex, i.e., in a contact interaction. Thus, we basically limit ourselves to the strong interaction between hadrons entering a vertex where a quark exchange occurs, with the possible creation/annihilation of quark pairs. The exchange takes place within that same vertex, thus generating new hadrons exiting from it. Conversely, we exclude electroweak and gravitational interactions from our consideration because the absorption and emission of their gauge quanta occur in distinct vertices; furthermore, photon and graviton are massless. Substituting Eq. 32 into Eq. 33 we obtain
where
If, according to the argument developed in the previous section, we assume /θ 0 = 70 MeV we obtain kT H = 167.5 MeV. This value is practically coincident with that currently accepted for the Hagedorn temperature (which is included in the range 160-190 MeV). In order to exclude a mere numerical coincidence, we now consider the case where the equivalent thermostat may be placed in thermal contact with a process consisting of the creation of a single hadron of rest energy Mc 2 at temperature T (at τ = /kT ). The related (finite) heat transfer is Q 0 = Mc 2 .
The system made of equivalent thermostat and the process undergoes a total entropy variation equal to the difference between Eq. 33 and the entropy variation associated with the process
The probability of the fluctuation corresponding to the actualization of the hadron is therefore proportional to
The number of fluctuations likely to occur within the localization volume ( /Mc) 3 of the exchanged hadron can be estimated from their thermal volume ( c/kT ) 3 as
The partition of the system made of equivalent thermostat and the process will therefore be the integral in M of the following expression
It involves the same density of hadron mass states
as that derived from Hagedorn's [45] original statistical bootstrap model; this confirms the identification of T H with the Hagedorn temperature. To conclude, the thermostat equivalent to the background is manifested in each vertex of strong interaction between hadrons, and it consists of the self-similar pattern of fluctuations of quark and gluon plasma, according to the current interpretation of Hagedorn's model [46, 47] . This pattern will absorb heat at T > T H (released by the annihilation of hadrons entering the vertex) and will release it at T < T H through the creation of new hadrons, thus originating a temperature T H characteristic of the hadronization process. Hadrons entering the vertex will be annihilated at the same temperature, at which the deconfinement of quarks and gluons will occur (Fig. 4) . We believe that the salient point here consists of the relation between the Hagedorn temperature, which expresses the time-scale in Eq. 35 at which the scale invariance of the fluctuations is broken, and the constant θ 0 . The value of this constant, as derived from a discussion about the electron, produces the correct value of T H . This connection between the lepton and hadron worlds, resulting from the universality of the constant θ 0 , remains hidden in the conventional treatment.
The introduction of the fundamental constant of nature θ 0 also has another effect. It implies the existence of a fundamental moment of inertia θ 0 , which should not be interpreted in the classical terms of a mass distribution, but rather as a conversion factor between time intervals characteristic of elementary particles and their angular momentum. Before re-scaling θ 0 → θ 0 /n of de Sitter time of the particle micro-universe, the relevant moment of inertia is mc 2 θ 2 0 = n θ 0 , where m is the particle mass (substantially, the skeleton mass) and n is the ratio of the skeleton mass and 70 MeV; it probably plays a role in defining the Regge trajectories [48] . After re-scaling, the relevant moment of inertia is instead
The angular momentum J of the particle is given by the product of I for an angular frequency ω typical of the particle. It is natural to set ω = j/(θ 0 /n), where j is the eigenvalue of the spin (even in the dormant state, the wavefunction of a particle nevertheless has a total spin eigenvalue of j, which defines its number of components). Thus
Eq. 42 holds for all particles, yet for hadrons a word of caution seems necessary. Indeed, the quark substructure could admit a different time-scale θ from de Sitter time θ 0 /n of the hadron it belongs to. In this case, the angular momentum associated with this substructure is therefore
An external probe capable of selectively detecting this substructure will therefore not see the kinematic spin J, but rather the apparent spin
If the hadron is a polarized proton, the probe can also be a polarized charged lepton (electron or muon). In a process of deep inelastic scattering of the probe on the proton, characterized by a square of the transferred fourmomentum Q 2 and a fraction x of the hadron momentum carried by the interacting quark, the spin seen by the probe is given by the integral of the quark spin structure function g 1 (x)
The experiments carried out by several collaborations reveal that ∆Σ ≈ 0.25 instead of 1 as expected from the quark model [49, 50] . From our point of view, however, the function g 1 (x) should be scaled by the factor nθ /θ 0 independent from x. Since n = 13.4 for the proton, this rescaling provides ∆Σ = 1 if θ ≈ θ 0 /3. According to this point of view, the eigenvalue j of the proton spin is always derived from the contributions of individual quarks according to the rules of the quark model, but the scattering process measures J instead of the correct kinematic spin J.
The reason for the result θ ≈ θ 0 /3 has yet to be determined. Since each quark is in one of three possible, and statistically equivalent, colour states, we can conjecture that the interval θ derives from the ratio between the fundamental interval θ 0 and the number of these states. If so, the introduction of the constant θ 0 would provide a different way of looking at the proton spin crisis and the contribution of the sea of virtual quarks and gluons.
Comparison with other models
In this paper we have repeatedly stressed that the state vector reduction postulate (von Neumann's projection postulate) is the real expression of the quantum discontinuity. This discontinuity finds its complete realisation in quantum jumps that occur in quantum systems as a result of interactions with internal degrees of freedom or external systems. Among the latter, we must include coupling with measuring devices that represent only one possibility among many. Otherwise it would be difficult to understand how gaseous oxygen and hydrogen combine giving molecules perfectly defined as water, when placed inside a container with entirely opaque walls and without any observation of the process. The scope of the von Neumann postulate then goes well beyond the measurement procedures; it is rather an essential ingredient for formulating the quantum mechanics. Von Neumann's postulate, on the other hand, does not specify the ontology for the reduction process; this specification must, in any case, be compatible with the process of unitary evolution of the state vector between two successive collapses, described by the quantum mechanical equations of motion. Otherwise, we would be dealing with a theory that is entirely different from quantum mechanics and this is what occurs with the dynamic reduction mechanisms invoked by Ghirardi-Rimini-Weber [5] or by Penrose [51] . The minimal ontology of the projection operator proposed in this paper is fully consistent with usual quantum mechanics. It does not lead to new effects on the dynamics, but possibly only to constraints on the selection of the states (for example, particle masses). The possibility has been considered that the unitary evolution process of the state vector is, under appropriate conditions, sufficient to reduce the wavefunction. Within the area of quantum measurement theory, this possibility has already been explored in early models of Milan-Pavia [2] and Rome schools [52] and has re-emerged with the principle of decoherent histories. Although this approach is valid in the field of quantum measurement, it seems, however, to have less effect on interaction micro-events between micro-entities. The idea of the decoherent histories, proposed in particular by Zeh [53] and Zurek [54] , requires the interaction of micro-entities with an environment with many degrees of freedom. Average operations on environmental degrees of freedom lead to mixtures of states of the system composed of micro-entities and apparatus, which are effectively indistinguishable from those derived as a result of the action of projection operators defined on a base selected by dynamic itself. From our point of view, the measurement processes are expressions of quantum discontinuity like the atomic quantum jumps which can occur in fully decoupled and virtually isolated quantum systems. Consider, for example, the electromagnetic emission from neutral galactic hydrogen which can be measured by any radio-telescope operating at a wavelength of 21.1 cm. This emission is generated by the transition between the two levels of the hyperfine structure of neutral hydrogen atoms that are virtually isolated in interstellar space (their numerical density is often lower than or approximately equal to 1 cm −3 ). Quantum state reduction therefore occurs also in entirely decoupled systems and cannot be caused by the interaction with the surrounding environment. In this example, decoherence should in addition act on an absolutely improbable entanglement of emitting atoms with the receiving radio-telescope, two physical systems that have never been in contact. On the other hand, if the reduction process is assumed already at the atomic or molecular level in the form of quantum jumps, the measurement process can easily be interpreted as a quantum jump of the system composed of measurement apparatus and micro-entities. By doing so, there is no need to hypothesize the splitting of the state vector of this system in a multiplicity of independent worlds, as assumed by Everett. Moreover, it seems appropriate to mention the similarities and differences between our approach and the two-state formalism proposed by Aharanov, Vaidman and collaborators [55, 56] . In both cases, time symmetry is emphasized and the propagation of backward state vector is acknowledged on an equal footing with the forward vector. In our view, the main difference is the fact that the one, proposed by Aharanov and colleagues, is a formalism and not an ontology. This formalism assumes pre-selection and post-selection, followed by the application of the Aharanov-Bergmann-Lebowitz rule (in the original version or one of its variants) for calculating the relevant averages. It thus implicitly assumes that it is possible to perform an initial preparation of the system and a complete measurement of it. The real issue, however, is exactly how to ensure these conditions necessary for the applicability of the formalism which is, in itself, correct.
It is not a coincidence that the two main supporters of this idea have identified this logical gap and have responded in their own way, opting for different ontologies [57] . Vaidman opts for a time-reversal version of Everett manyworlds model; Aharanov states he is not ready for that step to which he would (reluctantly) prefer an objective collapse. He assumes, in each case, the physical reality of the backward vector. This option inevitably leads to the transaction concept and its importance in the context of the two-state formalism is also considered by Elitzur and Cohen [58] .
Conclusions
We proposed an extremely preliminary model of what a quantum jump is, in the broad sense of a discontinuous change in the quantum state of a system eventually related with particle localization in time. Our aim was to focus on the urgent need to provide the concept proposed by Bohr a century ago in the context of atomic theory with formal maturity, as this is the only concept from his model that is still not fully formalized. The matter was reopened by Erwin Schrödinger in an article written in 1952, where he states It is better to consider a particle not so much as a permanent entity, but rather as an instantaneous event (. . .). At times these events form chains that give the illusion of something permanent [59] . At the core of the proposed model is the concept of the circularity of the time coordinate that appears in the wavefunction of a particle, a circularity expressed by the de Broglie oscillation. The annihilation of the wavefunction is described through the removal of the topological constraint of circularity. The reverse process describes its creation. The removal of the circularity constraint leads to a vacuum state represented by a complex time that is without temporality, in the ordinary sense of the term, and spatiality. Oscillations occur in the real part of complex time that represents the internal state of the various elementary particles contained in the vacuum and which can be extracted from it or lead back to it. These particles are present in the form of virtual fluctuations and the imaginary part of complex time describes the energy amplitude of these fluctuations. This vacuum structure seems to introduce new constraints to the structure of elementary particles and their internal dynamics, resulting from the introduction of a new constant of nature with the dimensions of a time interval, which we assume to be identifiable with Caldirola's chronon. Numerically, the chronon is the time taken by light to travel a distance equal to the classical radius of the electron. The constraints in question are perhaps reflected in already known facts, such as the proton spin crisis or the Hagedorn thermostat.
We have tried to show how the hypothesis of a time precursor allows to introduce nonlocality ab initio, in a consistent way with both the non-separability of entangled states and the quantum equations of motion as that of Dirac. It is possible therefore, in principle, to find a connection with the more usual, stochastic hydrodynamic representation of these equations and the role there played by the Bohm potential [60] . It will not be specified enough that nonlocality and entanglement are two distinct phenomena, although intimately linked to the comlex background of quantum systems. This fact has been well pointed out by some recent works in quantum information [61] [62] [63] . On the other hand, we have discussed the relations with the transactional representation and the two states formalism. In our opinion, the quantum mechanics is not a closed system, as the different interpretations seem to suggest; any reading of quantum mechanics must face the challenges posed by the complexity of the actual physical world at different scales, from the cosmological to the elementary particles. That raises the question of defining the relationship between the complex time and the polarized vacuum in ordinary quantum field theory. It is clear that while in quantum field theory actual physical properties are re-scaled according to the equations of the renormalization semi-group, localization requires instead a defined skeleton mass. One possibility would be simply to assign the task of describing the interaction vertices with a unitary formalism to the quantum field theory, and to extend the model under consideration to the asymptotic states (obviously, a no-rescalable notion). However, the discussion of this delicate problem requires further reflections targeted to the formal definition of a relationship between the two descriptions. At the present time we have to leave this question open. At a higher speculative level, the question of the Planck scale remains, considering that between this one and the typical range of quantum mechanics there is a gap of 16 orders of magnitude and 20 between the chronon and the Planck time. Eventually, even if quantum mechanics is revealed to be emergent, this will be in favor of a pre-space and purely algebraic theory of the foundations of physics.
